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Abstract 23 
Body size latitudinal clines have been widley explained by the Bergmann’s rule in 24 
homeothermic vertebrates. However, there is no general consensus in poikilotherms organisms 25 
in particular in insects that represent the large majority of wildlife. Among them, bees are a 26 
highly diverse pollinators group with high economic and ecological value. Nevertheless, no 27 
comprehensive studies of species assemblages at a phylogenetically larger scale have been 28 
carried out even if they could identify the traits and the ecological conditions that generate 29 
different patterns of latitudinal size variation. We aimed to test Bergmann’s rule for wild bees 30 
by assessing relationships between body size and latitude at continental and community levels. 31 
We tested our hypotheses for bees showing different life history traits (i.e. sociality and nesting 32 
behaviour). We used 142,008 distribution records of 615 bee species at 50 km x 50 km (CGRS) 33 
grids across the West Palearctic. We then applied Generalized Least Squares fitted linear model 34 
(GLS) to assess the relationship between latitude and mean body size of bees, taking into 35 
account spatial autocorrelation. For all bee species grouped, mean body size increased with 36 
higher latitudes, and so followed Bergmann’s rule. However, considering bee genera separately, 37 
fourive genera were consistent with Bergmann’s rule, while threefour showed a converse trend, 38 
and threeone showed no significant cline. All life history traits used here (i.e. solitary, social 39 
and parasitic behaviour; ground and stem nesting behaviour) displayed a Bergmann’s cline. In 40 
general there is a main trend for larger bees in colder habitats, which is likely to be related to 41 
their thermoregulatory abilities and partial endothermy, even if a “season length effect” (i.e. 42 
shorter foraging season) is a potential driver of the converse Bergmann’s cline particularly in 43 
bumblebees.   44 
Key Words – Bergmann’s rule – Body size – Latitudinal clines – Life history traits – 45 
Thermoregulation – Wild bees 46 
47 
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Introduction 48 
In ecology, several general rules have been proposed to explain phenotypic variations (e.g. 49 
variability in colour, size appendages and body size) observed across species distributions and 50 
species assemblages (Millien, et al. 2006). Among them, the increase of mean body size in 51 
colder conditions has been widely reported in many organisms and is well known as the 52 
Bergmann’s rule (Bergmann, 1847; Mayr, 1956). Historically Bergmann’s intention was to 53 
describe a pattern related to variation in homoeothermic vertebrates (James, 1970; Shelomi, 54 
2012). This rule is now widely tested (James, 1970; Blackburn, et al. 1999) from the population 55 
to the community level of vertebrates (Millien, et al. 2006; O’Gorman, et al. 2012). Several 56 
reviews have highlighted that the percentage of vertebrates conforming to this rule is relatively 57 
high, ranging from 62% to 83% (Ray, 1960; Atkinson, 1994; Millien, et al. 2006). Initially, the 58 
rule was suggested to derive from an adaptive response related to thermoregulation, as a smaller 59 
surface area to volume ratio improves heat conservation (Bergmann, 1847; Mayr, 1956). 60 
Alternative mechanisms, both adaptive (e.g., costs and benefits of life history traits and natural 61 
selection) and non-adaptive (e.g., effects of temperature on biochemical processes), have also 62 
been proposed to better explain Bergmann’s rule (Atkinson, 1994; Angilletta & Dunham, 63 
2003). Angilletta, et al. (2004) suggested that no general mechanisms could describe these size 64 
variations, and that observed patterns are probably multifactorial in their origins. Despite this, 65 
“Bergmann’s rule” or “Bergmann’s rule sensu lato” (Shelomi, 2012), is now largely accepted 66 
by most authors as a name for the pattern of larger body size of homeothermic organisms in 67 
colder climates (Meiri, 2010). However, it is still debated for poikilothermic organisms 68 
(Atkinson, 1994; Angilletta & Dunham, 2003). Global studies are largely missing for many 69 
poikilothermic groups even though they constitute more than 99% of the global species 70 
diversity (Wilson, 1992; Atkinson & Sibly, 1997). 71 
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In arthropods, several studies have found patterns consistent with Bergmann’s rule, for example 72 
some ants (Cushman, et al. 1993), antlions (Arnett & Gotelli, 1999), European butterflies (Nylin 73 
and Svärd, 1991), bumblebees (Peat, et al. 2005; Ramirez-Delgado, et al. 2016; Scriven, et al. 74 
2016) and fruit flies (Azevedo, et al. 1998). In contrast, body size of some spiders (Entling, et 75 
al. 2010), and more generally larger arthropods (Blanckenhorn & Demont, 2004; Shelomi, 76 
2012), often decreases in colder climates. Moreover no cline has been found in some groups of 77 
butterflies (Hawkins & Lawton, 1995; Garcia-Barros, 2000) and families of bees (i.e. Apidae, 78 
Colletidae and Halictidae) (Hawkins, 1995). Shelomi (2012) concluded that no global pattern 79 
could have been detected in insects, partly because of the huge differences among the study 80 
designs and the high diversity of species traits. Whereas most studies have investigated only 81 
one or few related species (e.g., Garcia-Barros, 2000; Radmacher & Strohm, 2010), 82 
comprehensive studies of species assemblages at a phylogenetically larger scale could identify 83 
the traits and the ecological conditions that generate different patterns of latitudinal size 84 
variation.  85 
Bees are a highly diverse pollinator group (Michener, 2007) of more than 20,000 species 86 
worldwide (Ascher & Pickering, 2016) and ~2,000 species in Europe (Rasmont, et al. 2017). 87 
Three previous studies of bees have found contrasting responses, with a Bergmann’s cline in 88 
American Andrenidae (Hawkins, 1995) but a converse Bergmann’s cline in few European 89 
bumblebees and American Melittidae (Hawkins, 1995; Peat et al., 2005; Ramirez-Delgado et 90 
al., 2016). While Hawkins et al. (1995) assessed the relationship at the family level in eastern 91 
United-States; Peat et al. (2005) only assessed the relationship for 22 species of bumblebees in 92 
Great-Britain. Latitudinal clines in bees are generally understudied, and there is a need for a 93 
continental scale assessement focusing on a range of genera and life history traits to help us 94 
identify the potential drivers of observed trends. Bees display a wide range of life history traits 95 
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which vary at different taxonomic levels (i.e., family-, genus-, or species-specific) and which 96 
may be important in order to determine whether bees follow the Bergmann’s rule or not.  97 
In this study, we used an extensive dataset of 615 bee species from 21 genera recorded in West-98 
Palearctic, to establish the relationship among body size, life history traits (i.e. sociality and 99 
nesting behaviour) and latitude at the community level. This constitutes the largest single bee 100 
study of Bergmann’s rule (Appendix S1 in Supporting information), and we test the following 101 
hypotheses. (1) Bishop & Armbruster (1999) argued that in bees, there would be an advantage 102 
to being larger in colder habitats because of a thermoregulatory advantage. In addition, social 103 
and solitary bees are known to display different degrees of endothermy, with greater 104 
endothermy found in social and/or larger species (Heinrich, 1993), thus we expect that the 105 
majority of bee genera will follow Bergmann’s rule as an adaptation for heat conservation in 106 
cold climate. (2) In contrast, shorter season towards the poles can constrain food resources, 107 
development time and growth which result in smaller bee species being found in colder 108 
conditions. Large univoltine bees, such as bumblebees, which can live in arctic climates, are 109 
thus expected to show the converse cline because of those season length constraints. (3) Bee 110 
sociality ranges from solitary to highly eusocial and from cleptoparasitic to free-living 111 
behaviour (Michener, 2007). In most eusocial species, temporal and caste variability in body 112 
size could allow larger bees to forage in colder temperature, because of their greater 113 
thermoregulatory abilities which allow them to be active in colder conditions when solitary 114 
bees of the same size can not forage (Heinrich, 1993). Thus sociality may allow bees to be more 115 
independent from environmental temperature variations (i.e. neutral cline). (4) Moreover, bees 116 
also exhibit different nesting behaviour such as below-ground or inside dead plant stems 117 
(Michener, 2007), which could also affect the type of latitudinal cline seen. Depending on the 118 
location of the nest (below- or above-ground), bees may be buffered against temperature in 119 
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different ways. Ground-nesting species could be better insulated from temperature variations 120 
than above-ground nesting species and so could be less likely to conform to Bergmann’s rule.  121 
 122 
Material and Methods  123 
Bee distributional data were collected from a database hosted at the University of Mons 124 
(http://zoologie.umh.ac.be/hymenoptera) and from a database of M. Kuhlmann for bees of the 125 
genus Colletes (unpublished data) at a 50 km x 50 km (CGRS) grid across the West Palearctic 126 
region (i.e. 3,032 sampled squares; Fig. 1). Data on bee body size were collected from a 127 
database hosted by the University of Reading and contributed to by DM and MK. Female body 128 
size was estimated based on the intertegular distance (ITD), which is the distance in millimetres 129 
between the two insertion points (tegulae) of the wings. This distance is strongly correlated 130 
with the bee body size (Cane, 1987). We only considered females of solitary bees and of social 131 
halictids and queens of bumblebees because they almost always experience climatic conditions 132 
for a longer part of the year than males, and are crucial for founding the next generation. For 133 
each species, the same ITD value was attributed for each dot and was calculated as the mean of 134 
the ITD based on ten specimens. The total dataset contained 615 bee species of 21 genera (i.e. 135 
species for which we had available distributional and ITD data) recorded in the West Palearctic 136 
region (i.e. nearly 20% of the wild bee species pool of the area and 26% of the European wild 137 
bee species; Rasmont, et al. 2017) (Appendix S1 in Supporting Information). Unfortunately, 138 
phylogenetic distances among bee species could not be included in our analysis as they are 139 
largely unknown. Additionally, two life history traits were studied, namely sociality and nesting 140 
behaviour (Westrich, 1990; Richards, 1994; Schwarz et al. 2007). We assigned three categories 141 
of sociality according to Michener (2007): (i) social bees (i.e. from facultative cooperation to 142 
eusociality; n = 49 species), (ii) solitary bees (n = 553), and (iii) parasitic bees (n = 13); and 143 
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two types of nesting behaviour of solitary bees: (i) ground-nesting (n = 532), including species 144 
nesting in pre-existing cavities and mining bees, and (ii) above-ground stem-nesting bees (n = 145 
27). There is a potential bias in the dataset towards ground-nesting solitary bees since data of 146 
many stem-nesting solitary bee species did not allow performing the analysis.  147 
First we calculated Pearson correlation coefficients to explore the relationship between latitude 148 
and mean body size. We then assessed the relationship between latitude and mean body size at 149 
three different levels. In each 50 km x 50 km grid cell, we estimated the mean body size (i) for 150 
all bee species taken together (i.e. mean body size at the community level), (ii) for each genus 151 
comprising at least 8 species (i.e. to display minimum variability; Andrena, Bombus, Ceratina, 152 
Colletes, Dasypoda, Halictus, Lasioglossum, Melitta, Panurgus, Panurginus) with available 153 
distributional data and body size information (i.e. mean body size at the genus level), and (iii) 154 
for each life history trait (i.e. sociality and nesting behaviour; mean body size for each level of 155 
each life history trait). We computed the analysis for each genus separately to explore the 156 
variability in the dataset, to be able to compare our results to previous studies (i.e. previous 157 
studies performed clades-based analysis) and because life history traits are highly conserved at 158 
the generic level (e.g. all the species of Andrena genus are solitary and ground-nesting bees). 159 
Using the 16 different size datasets (i.e the global dataset, ten genera and five life history traits), 160 
we performed separatea Generalized Least Squares fitted linear model (GLS) with Bonferroni’s 161 
adjustment to assess the relationship between the average body size (i.e. dependent variable) 162 
and the latitude (i.e. independent variable), taking into account the spatial autocorrelation (gls 163 
function in the R-package “nlme”).. This statistical model including latitude as fixed effect 164 
factor was compared to the intercept-only model. Since the former model provided the lowest 165 
Akaike Information Criterion (AIC), it has been selected for interpretations of the global 166 
analysis and each subset of trait-analysis (Akaike, 1974) (Table 1). The number of statistical 167 
individuals and the relative importance of the latitude are mentionned in Table 2. We also 168 
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calculated the pseudo-R² statistics to assess the explanatory power of each model. An 169 
ANCOVA was used to compare the regression slopes of the GLS models assessing the relation 170 
between the latitude and either the nesting behaviour or the sociality and assess differences in 171 
the rate of size variation inside those two life history traits for the different levels (i.e. ground 172 
or above ground-stem nesting behaviour and social, solitary or parasitic bees). When the 173 
interaction was significantly different from zero, we tested for the effet of latitude on body size 174 
in each level of categorical variablemultiple pairwise comparisons with Bonferroni’s 175 
adjustment were performed for categorical variables with more than two levels. Statistical 176 
analyses were performed using the software R version 3.3.1 (2016, https://www.r-project.org/ 177 
).  178 
Results 179 
Regardless of the genus and the life history trait, bee intertegular distance ranged from 0.63 mm 180 
to 7.52 mm with a mean at 2.44 mm. Bombus was the largest genus with a species mean of 5.63 181 
mm and Panurginus was the smallest one with a mean of 1.31 mm. Stem-nesting solitary bees 182 
(mean of 2.4 mm) were not significantly larger than ground-nesting solitary bees (mean of 2.13 183 
mm; t-test; p = 0.45). While the intertegular distance range was larger for stem-nesting solitary 184 
bees (from 0.74 mm for Ceratina parvula to 7.52 mm for Xylocopa valga), this range was 185 
narrower for ground-nesting solitary bees (from 0.65 mm for Dufourea halictula to 4.35 mm 186 
for Habropoda tarsata). Social bees were not significantly different (mean of 5.88 mm) than 187 
parasitic bees (mean of 4.69 mm) (t-test; p = 0.3037), but they were both significantly larger 188 
than solitary bees (mean of 2.15 mm) (t-test; p < 0.001).  189 
The mean body size of bee assemblages followed the Bergmann’s rule and the size significantly 190 
increased with higher latitudes (Fig. 2a; Table 2;; R² = 0.525; p < 0.001). Analyses per genus 191 
revealed contrasting patterns: (i) Andrena; R² = 0.06), Dasypoda; R² = 0.1), Halictus (R² = 192 
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0.02), Lasioglossum (R² = 0.01)  and Panurginus (R² = 0.73) followed the Bergmann’s rule 193 
(Fig. 2b; Table 2; p < 0.001); (ii) Bombus (R² = 0.23), Ceratina (R² = 0.02), Colletes (R² = 0.02) 194 
and Melitta (R² = 0.22) followed the converse to Bergmann’s rule (Fig. 2c; Table 2; p < 0.001); 195 
and (iii) Ceratina (R² = 0.01), Lasioglossum (R² = 0.01) and Panurgus (R² = 0.01) did not 196 
display any significant relationship between mean body size and latitude (Table 2; p > 0.05). 197 
All social (R² = 0.02), solitary (R² = 0.07) and parasitic (R² = 0.11) species followed 198 
Bergmann’s rule (Fig. 2d, e, f; Table 2; p < 0.001). However, the slopes of the three regression 199 
lines (one for social species, one for solitary species and one for parasitic species) were 200 
significantly different from each other (p < 0.001). Body size variation according to latitude 201 
was stronger in solitary species than in social ones (p = 0.006) and was highest for parasitic 202 
species (parasitic/solitary species, p < 0.001; parasitic/social species, p < 0.001). Similarly, both 203 
ground-nesting (R² = 0.01) and stem-nesting species (R² = 0.03) displayed a Bergmann’s cline 204 
(Table 2) but the pattern was stronger in stem-nesting bees than in ground-nesting ones (p < 205 
0.001). 206 
 207 
Discussion  208 
Our global dataset of 615 bee species conform to Bergmann’s rule (i.e. larger body size in 209 
higher latitudes). At the generic level, five genera followed Bergmann’s rule, four genera 210 
followed the converse Bergmann’s rule, and only one did not show significant clines. However, 211 
while the pseudo-R² statistic reached 0.525 for the global analysis, we have to mention that 212 
most of the pseudo-R² statistics at genus level and in trait analyses were low (i.e. respectively 213 
six and five pseudo-R² statistics that are lower than 0.1). Thus even if the latitude seems to 214 
repeatedly impact body size cline, the results have to be taken carefully. Latitude is obviously 215 
far from being the only predictor of the body size trends, and probably not the major driver for 216 
most of the clades. SevenNine out of the ten genera significantly followed a latitudinal cline 217 
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whether it was a Bergmann’s cline or converse Bergmann’s cline. Globally, no dominant 218 
drivers have been identified to explain body size patterns across literature. Moreover the 219 
observed differences among the genera cannot be readily explained by the nesting and sociality 220 
traits used in this analysis. Indeed, while Melitta and Andrena genera exhibit the same life 221 
history traits (i.e. solitary and ground nesting bees), their clines are different. Thus additional 222 
non-tested traits could impact strongly on the Bergmann’s cline and generate those differences. 223 
For example, the level of floral specialization differs strongly among different genera. While 224 
Melitta species are all oligolectic (Michez & Eardley, 2007), Andrena species display a wide 225 
range of pollen diet (i.e. from monolectic to polylectic; Westrich, 1990). Most protein-rich 226 
pollens can produce larger adults (Roulston & Cane, 2002); consequently host plants could be 227 
a strong driver of the body size clines. Additionnal physiological mecanisms could strengthen 228 
this trend:  higher temperatures imply a higher metabolic rate and an accelerated growth rate 229 
(i.e. often correlated with the number of generations), leading to smaller body size (Angilletta 230 
& Dunham, 2003; Kingsolver & Huey, 2008). Moreover a phylogenetic signal of the pattern of 231 
body size variation can also be found at interspecific level (Ashton, 2004). Latitudinal clines of 232 
the body size may be, at least, as much linked to a phylogenetic signal than to ecological factors. 233 
However, the current phylogeny of several bee families does not allow investigating deeply this 234 
hypothesis. Variation in selection gradients producing these clines could explain why there is a 235 
patterned variety of responses documented in the literature (i.e. from Bergmann’s rule to 236 
converse Bergmann’s rule with all intermediate clines; see Blanckenhorn and Demont, 2004).  237 
There are very few studies as a benchmark for bees. Previously, only one study analyses the 238 
variation of bee body size at the continental scale (i.e. in United States), but size was only 239 
assessed at a family level (Hawkins, 1995). This study found that Andrenidae was the only 240 
family to follow the Bergmann’s rule. This is consistent with our results that found that two out 241 
of three genera of the Andrenidae family also followed the Bergmann’s rule (i.e. Andrena and 242 
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Panurginus). However, Hawkins (1995) focuses on Eastern United States between the 25th and 243 
the 50th parallel north. Thus it may have missed significant trends from northern populations 244 
that could exhibit a larger size as an adaptation to colder climates (e.g. Halictidae for which no 245 
significant relationship was found in his study). In the paper of Hawkins (1995), Melittidae was 246 
the only family to follow the converse Bergmann’s rule. Of the two genera of the Melittidae in 247 
our study (Dasypoda and Melitta), only Melitta followed a converse Bergmann’s rule. 248 
Conversely the results of a recent study contrast ours: Scriven et al. (2016) showed that at the 249 
scale of Great Britain, and in a complex of three cryptic bumblebee species, Bergmann’s rule 250 
was followed. Similarly, Peat et al. (2005) showed that workers of bumblebees were larger in 251 
colder climates than in more temperate climates in Great Britain. They also assessed this 252 
relationship at a larger geographical scale, however they only selected five species from cold 253 
climates and five from hot (Mediterranean or tropical) climates. The framework and the 254 
sampling of these two previous studies particularly contrasts with ours, which studied the body 255 
size variation of queens belonging to 51 bumblebee species at the continental scale. Studies at 256 
inter-specific level with only a few species, and at a small geographical scale, can miss larger 257 
clines (Shelomi, 2012) and this is maybe the reason why our results differ from those studies. 258 
Indeed, in a recent study focused on bumblebees using a phylogenetic approach including 91 259 
Bombus taxa, Ramirez-Delgado et al. (2016) found that bumblebees followed a converse 260 
Bergmann’s rule.  261 
 262 
Thermoregulation and Bergmann’s rule in bees 263 
Our results support the hypothesis that thermoregulation could be a notable driver of 264 
Bergmann’s cline in bees. A larger size is associated with a higher mass of thoracic muscles 265 
and smaller surface/volume area, which improves the thermoregulation capabilities when 266 
associated with partial endothermy (Heinrich, 1993). Indeed, as heat loss and metabolic heat 267 
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production are proportional to total body surface area and thoracic volume respectively, the 268 
production of metabolic heat cannot compensate for heat loss in smaller body sizes. This 269 
implies that smaller bees cannot elevate their thoracic temperatures above the operative 270 
environmental temperature (Bakken, 1976; 1980), which is crucial for flying, particularly at 271 
low temperatures. The result based on our global dataset (i.e. 615 species) corroborates this 272 
hypothesis: largest species assemblages are found in northern Europe. This mechanism could 273 
explain why bigger Andrena , Lasioglossum and Halictus are found in northern areas such as 274 
Scandinavia, and even in the Arctic Circle for some species (e.g. Andrena barbilabris, A. 275 
lapponica, A. ruficrus). Similarly, several Halictidae species (genera of Halictus and 276 
Lasioglossum) can be found in colder habitats like Scandinavia. Moreover, the strength of the 277 
Bergmann’s cline in the global analysis could be driven to the presence of the bumblebees, 278 
which constitute most of the bee fauna at higher latitudes. Indeed, bumblebees are particularly 279 
well-adapted to sub-arctic and arctic climates, not only because of their greater body size and 280 
their better physiological thermoregulatory abilities (Bishop & Armbruster, 1999), but also 281 
because of their longer and denser fur (Heinrich, 1993; Peters et al., 2016). However, we also 282 
found a significant Bergmann’s cline when bumblebees were removed from the analysis (p < 283 
0.001).  284 
 285 
Season length and converse Bergmann’s rule in bees 286 
We corroborate this hypothesis, as it seems that for bumblebees (displaying one of the highest 287 
pseudo-R², i.e. 0.23), food rewards, and not thermoregulation advantages, are the major drivers 288 
of body size cline. Indeed in most univoltine species, a “season length effect” could occur. In 289 
wild bees, adult body size depends on the amount of food (e.g. Johnson, 1990). Consequently, 290 
a shorter foraging season in colder habitats limits the growth and thus the body size of the bees 291 
due to the shorter period of food availability (Adolf & Porter, 1996; White, 2008). Thus bees 292 
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are not able to collect a large amount of food and reach large body size, or they have to spend 293 
a lot of energy in foraging at longer distances. These season and food restrictions could have a 294 
particularly strong effect on arctic bumblebees. Moreover, the largest bees tend to be found in 295 
the tropics, which support the hypothesis that season length and resource availability can be 296 
crucial constraints (Roubik, 1989). Even if a larger size can be unfavourable for flying in 297 
warmer habitats, some bee species have developed morphological (e.g. lighter-coloured insects 298 
in warmer conditions; Zeuss et al., 2014) and behavioural adaptations (Willmer & Stone, 2004). 299 
For instance, some species do not fly during the hotter parts of the day (Willmer & Stone, 2004) 300 
or increase their flight speed to favour thermoregulation (Heinrich, 1993). In contrast, some 301 
smaller solitary bees occur only in warmer microclimates or during the warmest part of the day 302 
in colder habitat (Willmer & Stone, 2004).  303 
 304 
Sociality and nesting behaviour 305 
Those two life history traits do not seem to be the main drivers of the discrepancy between 306 
Bergmann’s and converse Bergmann’s rule. Indeed, all the life history traits of our study 307 
produced a Bergmann’s cline. However, the slopes between the different traits were 308 
significantly different which means that the intensity of the Bergmann’s cline differed 309 
depending on the traits. Ground-nesting solitary bees seemed to be buffered against this 310 
latitudinal cline and respond less strongly than the stem-nesting solitary bees. Indeed, ground-311 
nesting bees may be better isolated from the climatic variations and so be less likely to conform 312 
to Bergmann’s rule. When we assessed the impact of the different types of sociality and 313 
included social Halictus and Lasioglossum species with the bumblebees, we found that social 314 
bees followed the Bergmann’s cline. However, this could reflect our dataset composition, as 315 
social Halictidae are smaller than bumblebees and mainly live in lower latitudes, which leads 316 
to this Bergmann’s cline. Even if we only add six species of social Halictidae in the sociality 317 
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analysis, their southern distribution compared to the distribution of bumblebees induced a 318 
Bergmann’s cline. Similarly, smaller parasitic bees of solitary bees mostly inhabit latitudes 319 
below 55°, while parasitic bumblebees of the sub-genus Psythirus can live at latitude up to 70°, 320 
which again leads to a Bergmann’s cline. Moreover, social bees may respond less strongly to 321 
latitude than solitary bees. For instance, bumblebee workers are able to cool the entrance of the 322 
nest and buffer against hotter climates. Nevertheless this may only be part of the explantion 323 
since those mechanisms of cooling are not known in others wild social bees. Additionaly, 324 
analysis on solitary bees together could be biased by Andrena genus since Andrena species 325 
represent more than the half of the solitary bee species in our data set.  Andrena genus is also 326 
the bee genus including the largest number of species in Europe and the Bergmann’s cline in 327 
solitary bee analysis could be largely explained by them.  328 
 329 
Conclusion 330 
Our results suggest that bees at full community level follow the Bergmann’s rule but analysis 331 
at generic level revealed different clines. Nonetheless there is a major trend for bees being larger 332 
in colder habitat. Indeed (1) it is very likely that their thermoregulatory abilities and partial 333 
endothermy are strong drivers of this latitudinal cline as reported in most genera of solitary 334 
bees. However, (2) shorter season length in higher latitudes could be a major driver of the 335 
converse Bergmann’s cline, notably in bumblebees which have longer phenology and face 336 
arctic conditions. In agreement with our hypotheses, while all sociality (3) and nesting 337 
behaviours (4) produced Bergmann’s cline, both social and ground-nesting bees seemed to be 338 
buffered against latitudinal clines. We suggest that further studies should focus on unexplored 339 
drivers of the body size latitudinal clines (e.g. floral ressources and pollen nutritional quality) 340 
and complete the distributional and ITD dataset of European bees with missing genera (e.g. 341 
Megachile, Nomada and Osmia) and have a better representation of the European bee fauna.    342 
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Table 1. Selection of the model providing the lowest Akaike Information Criterion (AIC) for 475 
the global analysis. In bold italic, the selected model. 476 
Models Degrees of freedom AIC 
ITD ~ 1 df = 3032 8617.141 
ITD ~ latitude  df = 3032 6879.03 
 477 
 478 
Table 2. Results from 16 gls models analysing body-size distribution of bee assemblages at 479 
generic level and in regard of different life history traits in relation to latitude (n = number of 480 
species). The models with the lowest AIC values are shown. N = number of statistical 481 
individuals. Significant p-value are in bold.  482 
 Coefficient  Std. Error  t value  p-value N  Pseudo-R² 
Bees (n = 615)    3032 0.525 
(Intercept) -0.386 0.074 -5.184 <0.001   
Latitude 0.072 0.001 48.699 <0.001   
     
  
Andrena        
(Andrenidae;  n = 310)     2830 0.06 
(Intercept) 2.014 0.02 100.33 <0.001   
Latitude 0.004 <0.001 10.723 <0.001   
Bombus        
(Apidae; n = 51)     2488 0.23 
(Intercept) 6.547 0.035 185.808 <0.001   
Latitude -0.017 <0.001 -24.32 <0.001   
Ceratina        
(Apidae;  n = 22)     852 0.01 
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(Intercept)  1.848 0.075 24.707 <0.001   
Latitude -0.003 0.002 -3.41 0.052<0
.001 
  
Colletes        
(Colletidae; n = 53)     1070 0.02 
(Intercept) 2.94 0.053 55.344 <0.001   
Latitude -0.004 0.001 -4.07 <0.001   
Dasypoda        
(Melittidae; n = 14)     715 0.10 
(Intercept) 3.151 0.04 78.878 <0.001   
Latitude 0.004 <0.001 5.25 <0.001   
Halictus        
(Halictidae;  n = 34)     1477 0.02 
(Intercept) 1.523 0.06 25.175 <0.001   
Latitude 0.006 0.001 4.874 <0.001   
Lasioglossum        
(Halictidae; n = 65)     1028 0.01 
(Intercept) 1.414 0.053 26.799 <0.001   
Latitude 0.002 0.001 1.31 0.320.02   
Melitta        
(Melittidae; n = 8)     704 0.22 
(Intercept) 3.463 0.085 40.892 <0.001   
Latitude -0.016 0.002 -9.11 <0.001   
Panurginus        
(Andrenidae;  n = 11)     163 0.73 
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(Intercept) 0.242 0.058 4.206 <0.001   
Latitude 0.023 0.001 19.549 <0.001   
Panurgus        
(Andrenidae; n = 11)     687 0.01 
(Intercept) 1.883 0.066 28.354 <0.001   
Latitude <0.001 0.001 0.4 0.686   
Nesting Behaviour       
Ground-nesting bees (n = 
532) 
    2872 0.03 
(Intercept) 2.03 0.022 92.062 <0.001   
Latitude 0.003 <0.001 7.601 <0.001   
Stem-nesting bees (n = 27)     1040 0.03 
(Intercept) 1.829 0.05 36.522 <0.001   
Latitude 0.005 0.001 4.433 <0.001   
Sociality       
Parasitic bees (n = 12)     1595 0.11 
(Intercept) 2.49 0.17 14.64 <0.001   
Latitude 0.055 0.003 16.82 <0.001   
Social bees (n = 43)     2537 0.02 
(Intercept) 4.964 0.08 61.905 <0.001   
Latitude 0.01 0.002 5.857 <0.001   
Solitary bees (n = 560)     2878 0.07 
(Intercept) 1.917 0.022 87.34 <0.001   
Latitude 0.006 <0.001 12.724 <0.001   
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 484 
Figure legends 485 
Figure 1. Map of the geographic framework and the full data set. Each dot represents a 50 km 486 
x 50 km (CGRS) echantillonated square.  487 
Figure 2. Relationship between latitude (°) and intertegular distance (ITD): (a) in the global 488 
analysis, bees follow the Bergmann’s rule, (b) Andrena follows the Bergmann’s rule, (c) 489 
Bumblebees (Bombus) follow the converse Bergmann’s rule, (d) Solitary bees, (e) Social bees 490 
and (f) Parasitic bees all follow the Bergmann’s rule, but the intensity of the slope was higher 491 
for solitary bees than for social bees and the highest for parasitic bees.  492 
 493 
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